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Abstract
This paper presents numerical analysis on the performance of latent heat packed bed thermal energy storage system, 
which is composed of spherical capsules filled with sodium nitrate as phase change material and high temperature 
synthetic oil (Therminol 66) as Heat Transfer Fluid. The influence of capsule size, fluid temperature (Stefan number), 
Tank size (length and diameter) and fluid flow rate on the performance of the thermal energy storage system is 
investigated in the temperature range between 300 and 400 ºC. The phase change process inside the capsule is 
modeled by enthalpy formulation method and the flow inside the system is predicted by extended brinkman equation. 
This model is validated using the already reported models. The ultimate aim of this investigation is to develop a 
packed bed thermal energy storage model to study and optimize the main components of the storage tank to use in 
concentrating solar power plants.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of ISES
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1. Introduction
Storage is one of diverse strategies for balancing contribution from renewable energies and demand 
* Corresponding author. Tel.: +34-91-737-1120; fax: +34-91-737-1140.
E-mail address: jose.gonzalez@imdea.org.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
 Selvan Bellan et al. /  Energy Procedia  57 ( 2014 )  672 – 681 673
[1]. In Concentrating Solar Power (CSP) systems for bulk power production, storage systems focused on 
several thermal storage options, sensible heat, latent heat and thermochemical [2]. The second one (latent 
heat thermal storage in phase change materials) is an excellent candidate, particularly for conventional 
Rankine cycle optimal operation. The energy density of Phase Change Materials (PCM) makes them 
attractive for achieving a noticeable thermal storage cost reduction, provided the constraints associated to 
the low thermal heat transfer between PCM and heat transfer fluid are overcome with efficient designs.
Several research efforts have been made in the field of spherically enclosed PCM in cylindrical tanks 
applied in thermal storage. Most of these works focused on low temperature ranges using polymers as 
PCMs and addressing to improve thermal comfort in buildings and energy saving applications. These low 
temperatures makes possible to relatively easy handle experimental analyses and consequently validate 
and optimize their numerical models [3-5]. Main effort in modeling lies in taking into account the 
complex fluid mechanics and heat transfer phenomena occurring in porous media. The complex behavior 
of the PCM inside the capsules adds more difficulty to the problem. 
Prior to prototyping, dimensioning and performance evaluation of an existing devices, numerical 
method provides relevant information for developing the experimental test bed and once this has been 
tested the model might make easy the analysis of up scaling thermal storage units. Increasing the 
precision and reliability of existing models would help the development of cost effective macro 
encapsulated Latent heat thermal energy storage systems as well as facilitate high temperature 
experimentations set-up.
Nomenclature
ap superficial particle area per unit bed volume (m-1)
Cp specific heat (J/(kg K))
d diameter of the capsule (m)
ho overall heat transfer coefficient (W/(m2K))
Kr constant to correlate the effective heat conductivity
P pressure (Pa)
Pep particle Peclet number
Pr Prandtl number
Q total heat transfer (W)
r radial coordinate (m)
rc outer radius of inner layer coating (m)
ri inner radius of the capsule (m)
rm solid-liquid interface (m)
ro outer radius of the capsule (m)
R storage tank radius (m)
Re Reynolds number
T temperature (K)
Uw overall wall heat transfer coefficient
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u velocity (m/s)
Greek symbols
İavg average porosity of the tank
Ș dynamic viscosity (Pa s)
ȡ density (kg/m3)
Șeff effective viscosity (Pa s)
Ȝ Thermal conductivity (W/(m K))
Subscripts
s solid
f fluid
2. Numerical model
Since the detailed modeling of the individual element inside the storage system is difficult due to its 
complex configuration and process dynamics, conduction dominated models (e.g. [6]) and packed bed 
models (e.g. [7]) have been used in the past few decades to study the heat transfer analysis inside the 
system. In this investigation, an axisymmetric packed bed latent heat thermal energy storage model is 
developed by the following assumptions: (i) The PCM capsules behave as continuous medium, (ii) the 
flow inside the tank is laminar and incompressible, (iii) Radiation heat transfer between the capsules is 
negligible, (iv) CDSVXOHVGLVWULEXWLRQLQVLGHWKHWDQNLVGHILQHGE\WKHSRURVLW\İDQGLWYDUies along the 
radial direction. Since the non-uniform radial distribution of bed porosity influences the radial distribution 
of axial velocity, a monochromatic exponential expression is used to define the porosity along the radial 
direction as given below [7]:
»
»
¼
º
«
«
¬
ª
¸
¹
·¨
©
§ ¸
¸
¹
·
¨
¨
©
§
 
d
rRr
avg
avg 5exp1
87.01)(
H
HH
(1)
The axial velocity along the radial direction is obtained by solving the extended Brinkman equation
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Fig.1. Computational geometry of (a) packed and (b) spherical capsule.
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Table 1. Thermo physical properties of sodium nitrate. (&linear interpolation is used to calculate the properties between solid and 
liquid phase).
Properties Sodium nitrate
Density (kg/m3) 2118 (solid phase)*
1904 (liquid phase)
Dynamic viscosity (Pa.s) 0.0119-1.53x10-5 xT
Thermal conductivity (W/mK) 0.565 + 33.5x10-5 x (T - 503.15) (solid phase)&
0.565 + 44.7x10-5 x (T – 579.7) (liquid phase)
Specific heat  (J/kgK) 444.53 + 2.18 xT
Melting temperature  (ºC) 306.8
Latent heat of fusion  (J/kg) 182000
Thermal expansion coefficient (W/mK) 6.6x10-4
Table 2. Boundary conditions.
Boundary HTF PCM
Inlet Tf (t) 0/  ww zTs
Outlet 0/  ww zT f 0/  ww zTs
Wall )()/( TTUrT awffr  ww O 0/  ww rTs
Axial symmetry 0/  ww rT f 0/  ww rTs
The effective viscosity is calculated by the following correlation [8];
Re)exp(baeff  
K
K
(3)
The coefficients of A, B, a, and b are assumed as 310, 0.92, 2, and 0.0018 respectively [7]. The 
computational geometry of the model is shown in Fig. 1(a). By fixing the boundary condition at axial 
symmetry: 0/  ww ru and at wall: u = 0, equation (2) is solved and the radial distribution of axial velocity 
is obtained. Assuming this steady state velocity distribution, transient simulation is performed to obtain 
the instantaneous temperature distribution throughout the storage tank by solving the energy equation.
The coupled heat transfer equations for heat transfer fluid and the PCM are given below [7, 9]:
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The effective thermal conductivities in the radial and axial directions are calculated from the following 
equations [10, 11]:
and 0.5Re Prfr eff p fz eff p
f f r f f
Pe
K
O O O O
O O O O
    (6)
In this investigation sodium nitrate and therminol 66 are used as PCM and HTF respectively. 
Temperature dependent thermo physical properties of PCM are given in Table 1 [12] and Therminol 66 
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properties are obtained from [13]. The boundary conditions are given in Table 2. All the equations given 
above are solved numerically by using finite element method based software Comsol multiphysics. Grid 
independent tests are carried out and the computational mesh is optimized before carrying out the heat 
transfer analysis, and the developed model is validated by simulating the problem of Arkar et al. [7]
2.1. Determination of overall heat transfer coefficient of PCM capsule
Since the overall heat transfer coefficient, ho, (which includes total thermal resistance due to the 
solidified layer) is depends on the phase change interface position of the capsule, an one dimensional 
conduction model for phase change is developed based on the literature models [6, 14] by using enthalpy 
formulation method with convective boundary condition at the outer surface of the capsule. The physical 
domain of the spherical capsule is shown in Fig. 1(b); two layers of coatings are made for the spherical 
capsule: inner coating is made up of polymer and the outer coating is made up of nickel, each layer 
thickness is 0.15 mm. The spherical capsule completely filled with PCM at temperature of higher than 
phase change temperature is initially considered. When the t > 0, the spherical capsule is subjected to the 
convective cooling at the outer surface due to the temperature of the fluid, which is lower than the phase 
change temperature. Sensible heat transfer takes place initially and consequently cooling of the liquid 
PCM close to the capsule surface reaches the phase change temperature and forms the solidified layer and 
it gradually grows up towards the centre point of the capsule. A pure conduction model is considered and 
the governing equation and boundary conditions are given below,
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The heat transfer coefficient (h) between the HTF and the spherical capsules in the packed bed is 
obtained from the well-known empirical correlation given by [15]
sNuNu ))1(5.11( H (9)
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The total heat transfer to or from the spherical capsule is calculated by
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Where Ro is the thermal resistance due to the convection on the external surface, RNi is the thermal 
resistance due to nickel coating layer, Rpoly is the thermal resistance due to polymer coating layer, and Rin
is the thermal resistance of the solidified PCM, which is time dependent. The volumetric heat transfer 
coefficient of the packed bed is calculated by [16],
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In order to validate this 1D model, simulations are performed for the problem of [14] and good 
agreement was found. Using this 1D model, the overall heat transfer coefficient ho is predicted at each 
cell of the packed bed according to the temperature and velocity of the cell.
3. Results and discussion
In this investigation cylindrical storage tank of length 1.5 m and radius 0.352 m is initially considered, 
which has the total (latent and sensible heat) thermal storage capacity of 50 kWh when the temperature of 
the tank is around 30 K higher than the melting temperature and the packed bed average porosity of 
0.388. The phase change temperature range of 1 K is considered and the heat loss through the cylinder 
wall is not considered.  In order to study the effect of capsule size, HTF temperature, mass flow rate and 
the design (length to diameter ratio) of the tank on the performance of the latent heat packed bed thermal 
storage system, simulations are performed for different cases as shown in Table 
3.1. Temperature distribution of the packed bed
The instantaneous temperature distribution of the packed bed is shown in Fig. 2, left side represents the
fluid domain and right side represents the PCM domain for case 1. From this figure it is observed that the 
heat transfer between the PCM capsules and fluid is rapid until the phase change temperature range, i. e.
heat transfer fluid observe heat from the capsules rapidly due to sensible heat. 
Table 3. Details of different cases.
Study Capsule radius (m) ¨T = Tf -Tm (K) Ste HTF flow rate (m3/h) Tank (L/D) ratio
Influence of 
capsule size
Case 01 0.010 50 0.46948 1 2.13
Case 02 0.015 50 0.46948 1 2.13
Case 03 0.020 50 0.46948 1 2.13
Case 04 0.025 50 0.46948 1 2.13
Effect of 
HTF 
temperature
Case 05 0.01 5 0.04694 1 2.13
Case 06 0.01 10 0.09389 1 2.13
Case 07 0.01 20 0.18779 1 2.13
Case 08 0.01 50 0.46948 1 2.13
Influence of 
L/D ratio of 
tank
Case 09 0.01 50 0.46948 1 1.50
Case 10 0.01 50 0.46948 1 2.13
Case 11 0.01 50 0.46948 1 2.50
Case 12 0.01 50 0.46948 1 2.13
Effect of 
HTF flow 
rate
Case 13 0.01 50 0.46948 2 2.13
Case 14 0.01 50 0.46948 3 2.13
Case 15 0.01 50 0.46948 4 2.13
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Fig.2. Instantaneous temperature distribution of the tank for case 1; Fluid domain (left) and PCM domain (right).
When the phase change process starts to progress, the heat transfer between encapsulated capsules and 
HTF gradually decrease due to the thermal resistance caused by the solidified layer growth. After 
reaching complete solidification, again the heat transfer between the capsules and fluid is increased due to 
the sensible heat.
3.2. Effect of pellet size
To investigate the effect of capsule size on packed bed storage performance, four different capsule 
sizes are considered so far. The gas flow rate and the inlet HTF temperature are fixed and the simulations 
are performed for various cases (1- 4) as shown in Table 3. Constant temperature of 629.95 K (Tm + 50 K) 
is initially considered throughout the tank. When the t > 0, the temperature of the HTF at inlet is fixed to 
529.95 K (Tm - 50 K) and simulations are performed for cases (1-4). 
Fig. 3. Temperature distribution of the bed at axial symmetry for different capsule radii.
 Selvan Bellan et al. /  Energy Procedia  57 ( 2014 )  672 – 681 679
Fig. 3 shows the temperature distribution of the bed at axis as a function of time for different capsule 
radii. During initial period of discharging, capsules close to the inlet are discharging while those close to 
the outlet of the bed are close to the initial bed temperature. The temperature of the bed is gradually 
decreasing with increasing time. As explained earlier, the heat transfer rate is high during the initial and 
final stages (pure solid or liquid) and the same is gradually decreasing with solidified part of the capsule 
increasing. It can be seen that the heat transfer rate of the bed is high for small size capsules than big size
capsules. 
The solidified fraction of the bed is shown in Fig. 4 (a) for different capsule radii. Since the velocity of 
the HTF close to the wall of the cylinder is high, solidification rate is high in this region than the rest of 
the region. Hence the solidification initially started close to the inlet and wall and gradually spread 
throughout the tank. This effect is observed in the figure, until the complete solidification of the capsules 
close to the axis and inlet (at P1), the solidification rate is quite low. Once these capsules are completely 
solidified, the rate of the solidification is increased. This transition is clearly observed in the figure.
3.3. Effect of Stefan number
In order to study the effect of heat transfer fluid temperature on the performance of the packed bed 
latent heat storage system, simulations are performed for different heat transfer fluid temperature as 
shown in Table 3. Fig. 4(b) shows the solidified fraction of the bed for various HTF temperatures. As 
expected, the heat transfer rate is increasing with increasing the temperature difference between the PCM
and HTF (¨ T) and consequently complete solidification time of the bed increases as the temperature of 
the HTF is decreased. The complete discharging time of the packed bed for case 5 and 8 are 32220 and 
7440 seconds respectively. It can be seen that when decreasing the ¨T from 50 K to 5 K, about 90%, the 
complete discharging time of the bed is 77% increased.
Fig.4. Solidified fraction of the bed for (a) different capsule radii (b) various T¨.
3.4. Influence of length/diameter ratio of tank 
In this section, performance of the packed bed thermal storage system is investigated as a function of 
tank length to diameter aspect ratio (Rt = L/D) by keeping its volume as constant. Simulations are 
performed for cases 9-11 as shown in Table 3.
The temperature distribution at the axis of the bed is shown in Fig. 5(a) for different aspect ratios. It is 
observed that, capsules close to the inlet are solidified at 1290 s and 1180 s for the aspect ratio of 1.5 and 
2.5 respectively. This is due to the HTF velocity, which is increased due to the shorter inlet surface area 
as the aspect ratio increasing. Although the solidification rate of the bed is vary initially due to the 
dimension of the tank, the complete solidification of the bed is moreover less same for all cases, which is 
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observed in Fig. 5(b).
Fig. 5. (a) Axial symmetry temperature profile and (b) solidified fraction of the bed for various tank (L/D) ratios.
Fig.6. Solidified fraction of the bed as a function of time for different mass flow rates.
3.5. Effect of HTF flow rate
The effect of HTF flow rate on the thermal performance of the storage system is investigated in this 
section. Capsule size and HTF temperature are fixed and simulations are performed for various flow rates 
as tabulated in table 5. The solidified fraction of the bed as a function of time is shown in Fig. 6 for 
various cases. As expected the complete solidification time is decreased when the fluid flow rate 
increased. This is because of heat transfer rate, which is higher for high flow rate than low flow rate. 
The complete discharging of the bed is 7440, 4320, 3180 and 2580 seconds for 1, 2, 3 and 4 m3/h flow 
rates respectively. It can be seen that when increasing the fluid flow rate from 1 to 2 m3/h, the complete 
discharging time of the bed is 42% decreased. Similarly, when increasing the flow rate about 50 (2 to 3 
m3/h) and 33% (2 to 3 m3/h) in subsequent cases, the discharging time is 26 and 19 % decreased 
respectively.
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4. Summary and Conclusions
A numerical model of packed bed thermal energy storage is developed for the spherical encapsulated 
PCM capsules. The influence of particle size, HTF temperature, tank length to diameter ratio, fluid flow 
rate on the behavior and performance of the storage system is investigated and the following conclusions 
are arrived from this investigation: Discharging rate is significantly higher for small size capsules than the 
large size capsules, increasing the HTF temperature (Stefan number) decreasing the complete 
solidification time similarly increasing the fluid flow rate decreasing the complete discharging time. 
Significant difference is not found in complete discharging time when the tank length to diameter ratio in 
increased from 1.5 to 2.5 for the given conditions.
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